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Abstract: The accurate speciation analysis of arsenic is a serious concern for water quality monitoring programs. Because the preservation of
sample integrity until analysis is one of the most important aspects of speciation, this study aims to compare the performance of four different
sample preservation methods under diverse conditions of sample quality. Natural samples with different characteristics were collected into the
following containers to study their effectiveness: (1) standard high-density polyethylene bottle with no preservative; (2) empty, sterile
Vacuette tube with no preservative; (3) sterile tripotassium ethylenediaminetetraacetic acid (K3EDTA) Vacuette tube with K3EDTA additive;
and (4) empty, sterile Vacuette tube with added hydrochloric acid (HCl). Known concentrations of arsenite [As(III)] were also added to each
container to monitor the oxidation of As(III) to arsenate [As(V)]. The results revealed recovery ratios exceeding 95% in all containers with
sterile vacuum conditions. In particular, the K3EDTAVacuette tube yielded a recovery very close to 100% of the spiked As(III), which is
known to rapidly oxidize to As(V). Overall, collecting the sample into a container under sterile vacuum conditions and using a universally
accepted preserving agent such as EDTA or HCl significantly improved the preservation of the original species distribution in the water matrix
studied, compared to sampling without the use of preservation methods. After validation by future research, these sterile vacuum tubes can
possibly be utilized for collecting and storing samples for the routine speciation analysis of other elements such as selenium, chromium, and
antimony. DOI: 10.1061/(ASCE)EE.1943-7870.0000717. © 2013 American Society of Civil Engineers.
CE Database subject headings: Groundwater management; Arsenic; Sampling; Water quality.
Author keywords: Groundwater; Arsenic; Speciation; Field preservation; Sterile vacuum tubes.
Introduction
Arsenic occurs in natural waters in inorganic [i.e., arsenite, As(III),
and arsenate, As(V)] and organic [i.e., monomethyl arsonate
(MMA) and dimethyl arsenate (DMA)] forms (Cullen and Reimer
1989; Smedley and Kinniburgh 2002; Bhattacharya et al. 2007).
When compared to their inorganic counterparts, the organic forms
are typically observed at much lower concentrations (Kim et al.
2007). Inorganic As(V) is the major arsenic species in many
groundwater and surface water resources where oxidizing condi-
tions prevail, whereas inorganic As(III) is typically found to occur
in groundwater that is mostly under reducing conditions (Le et al.
2000; Markley and Herbert 2009). Redox potential and pH are the
most important environmental factors controlling arsenic speciation
(Terlecka 2005). Depending on these factors, the ionic charges of
inorganic arsenic species vary from 0 to–3 (Kim et al. 2007). The
mobility and toxicity of arsenic are also closely related to its ox-
idation states (Hung et al. 2004). The toxicity of different arsenic
species varies; As(III) has the highest toxicity among other forms
[Jain and Ali 2000; Bissen and Frimmel 2003; Agency for Toxic
Substances and Disease Registry (ATSDR) 2007] because of its
ability to bind with sulfhydryl groups (Markley and Herbert
2009). The organic species, on the other hand, are considered to
be the least toxic (Miller et al. 2000). The strong link between
the form of arsenic and its toxicity level makes speciation an im-
portant concern for domestic water supplies.
A vast number of methods exist for the analysis of arsenic spe-
cies (Jain and Ali 2000; Smedley and Kinniburgh 2002; Gong et al.
2002). These methods have been developed to distinguish among
different forms under field and laboratory conditions (Kumaresan
and Riyazuddin 2001; Garbarino et al. 2002). Field speciation
analysis techniques are mostly based on the principle of isolating
and separating a known species on some medium via solid-phase
extraction methods (Yalcin and Le 2001). The species trapped in
the medium and passed to the eluent are separately analyzed by
standard methods used in total arsenic determination, as discussed
by Melamed (2005). Laboratory speciation techniques, however,
do not require that the species are separated from each other in field
conditions and are based on the principle of measuring each species
with one of the hyphenated methods such as ion chromatography-
inductively coupled plasma mass spectrometry (IC-ICP-MS) and
ion chromatography-hydride generation atomic fluorescence
spectrometry (IC-HG-AFS) (Kumaresan and Riyazuddin 2001;
Garbarino et al. 2002; Terlecka 2005), which can provide very
low detection limits (Kim et al. 2007).
Analytical laboratory speciation methods have the advantage of
accurately determining As(III), As(V), MMA, and DMA by using a
sample volume of less than 200 μL without any prior sample
preparation; these require high-tech hyphenated instruments and
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skilled personnel. However, if the original species distribution in
the sample cannot be preserved until analysis, these methods
and instrumentation are all useless. On the other hand, field spe-
ciation methods typically separate only inorganic species with
solid-phase extraction cartridges, in which species are separated
to remain in the solid matrix or pass to the eluent based on their
ionic charge, after which they are independently analyzed by
classical total arsenic analysis. The disadvantage to field methods
is primarily that the composition of the sample matrix can be higher
than cartridge capacity, which would necessitate a larger capacity
cartridge. Moreover, the requirement to precondition the exchange
cartridge and to extract the retained arsenic from the cartridge in-
creases the laboratory work to be done. Finally, the necessity to
make two separate analytical determinations for As(III) and As
(V) makes field speciation methods rather inconvenient and im-
practical for assessment and characterization missions. Because
of these drawbacks, it is typically accepted that the best method
to speciate arsenic is to preserve, store, and transport the original
sample with minimum external interference and to use laboratory
speciation methods.
In most natural waters, inorganic arsenic species dominate in the
liquid matrix; thus, the speciation analysis of arsenic is generally
aimed at determining the relative concentrations of As(III) and As
(V) in water. This is also consistent with the requirements of public
health specialists, who require the relative levels of the two most
toxic arsenic species for risk assessment and exposure analysis
(EPA 1999; Smith et al. 2000; Abernathy et al. 2003; Akter et al.
2005; Kapaj et al. 2006; Tapio and Grosche 2006). The major prob-
lem with the inorganic arsenic forms is the rapid oxidation of As
(III) to As(V) in the presence of oxygen (Kumar and Riyazuddin
2010). Consequently, the preservation and stabilization of inor-
ganic arsenic species has been a major problem in arsenic speci-
ation analysis, particularly in natural waters, until Bednar et al.
(2002) proposed the use of opaque bottles with preservation by
ethylenediaminetetraacetic acid (EDTA). It has been reported that
the distribution of arsenic species changes within two days (with or
without exposure to sunlight) when proper preservation and stabi-
lization measures are not taken (Bednar et al. 2002). Thus, sample
preservation is of utmost importance for the accurate and reliable
quantification of arsenic species in water samples.
The most common approach to preserve As species in solution
includes the addition of acidic solutions of hydrochloric acid (HCl),
nitric acid (HNO3), sulfuric acid (H2SO4), phosphoric acid
(H3PO4), nitriloacetic acid, and ascorbic acid in addition to com-
plexing agents such as EDTA in combination with temperature con-
trol (Oliveira et al. 2006; Samanta and Clifford 2006). For example,
Gallagher et al. (2001) reported that it was necessary to lower the
sample pH to approximately 3.2 with acetic acid to preserve the
arsenic species when using EDTA in samples containing iron
(III) [Fe(III)]. However, according to Bednar et al. (2002), diso-
dium EDTA may preserve the arsenic species in the presence of
Fe(III)-containing groundwater without lowering the pH of sam-
ples in opaque bottles. Among these alternative methods, preserva-
tion with HCl and EDTA have found a wider range of application;
these are now considered to be the two most commonly applied
preservation agents in arsenic speciation analysis (Garbarino et al.
2002).
Regardless of the preserving agent added, the exposure of sam-
ples to air (i.e., oxygen) creates conditions in which inorganic As
(III) can quickly oxidize into As(V). Particularly in samples with
very low redox potentials, even small amounts of oxygen can alter
the redox conditions in the sample and change the form of the ar-
senic species. Similarly, maintaining a cold storage chain for min-
imizing microbial activity in the sample is another important aspect
of preserving the distribution of original species in the sample
(Garbarino et al. 2002). Finally, prevention of exposure to sunlight
is also a fundamental aspect of sample preservation because sun-
light may stimulate certain photochemical reactions that can alter
the geochemistry of the water sample.
Vacuum sample tubes are the most common sample containers
used in collecting and preserving human blood samples for bio-
chemical analysis (Grenier Bio-One 2007). These tubes are evacu-
ated to create a vacuum inside the tube, facilitating the draw of
liquid, and may contain different additives designed to stabilize
and preserve the specimen prior to analytical testing. The Vacuette
tubes used in this study are also under vacuum and have no contact
with atmospheric oxygen, which is one of factors that may affect
the speciation of arsenic. These tubes are cheaper than the common
high-density polyethylene (HDPE) or low-density polyethylene
(LDPE) environmental sample containers. Because Vacuette tubes
can hold only up to 10 mL of solution, they are more applicable
when no more than 5 mL of sample is required for analysis. As a
result of their limited volume, shipping costs can be significantly
reduced because all speciation samples require overnight shipping
to the laboratory after collection and thousands of these tubes can
be stored in a single refrigerator shelf.
Based on this premise, the goal of this study is to evaluate the
applicability of these tubes for sample collection, storage, and
transportation in monitoring arsenic speciation in surface and sub-
surface waters. To achieve this objective, natural water samples and
natural water samples spiked with a known concentration of As(III)
were collected into different types of sample containers. The spe-
ciation of arsenic in these samples was determined in the laboratory
with IC-ICP-MS. The recovery of the spiked As(III) and the inter-
conversions and losses of the species in each sample were used as
the benchmarks for the suitability of each sample container.
Materials and Methods
Sampling Media and Preserving Agents
Four different sample containers with distinct characteristics were
used in this study to test and compare their effectiveness in preserv-
ing arsenic species under ideal and natural conditions. The funda-
mental data regarding the containers used in field sampling and
preservation are given in Table 1. Thus, regular 50-mL HDPE bot-
tles used in routine environmental sampling programs were com-
pared with three different types of vacuum (Vacuette) sample tubes
(Grenier Bio-One 2007), resulting in a comparison of four contain-
ers: (1) HDPE bottle with no additive; (2) empty Vacuette tube
(white cap) with no additive; (3) tripotassium (K3) EDTAVacuette
tube (purple cap) with built-in K3EDTA additive; and (4) HCl
added to an empty Vacuette tube (white cap). Among these contain-
ers, all except the HDPE bottle is sealed under vacuum and contains
Table 1. Containers Used in Field Sampling and Preservation
Tube/bottle Status Material
Preserving
agent
HDPE bottle
(50 mL)
Atmospheric
pressure
HDPE None
Vacuette tube
(10 mL)
Vacuum Polyethylene
terephthalate
None
Vacuette tube
(10 mL)
Vacuum Polyethylene
terephthalate
K3EDTA
Vacuette tube
(10 mL)
Vacuum Polyethylene
terephthalate
HCl
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no air inside. All liquid matrices [i.e., sample, stock arsenic solu-
tion, and preserving agent (HCl)] were added to the Vacuette tubes
by using 10-mL polyethylene (PE) sterile syringes, similar to blood
collection procedures, as shown in Fig. 1.
Characteristics of Field Samples
The field application was conducted in the Simav Plain, located in
the Kutahya Province of Turkey, during February of 2011. The site
was previously reported to have high arsenic levels in the ground-
water samples collected from the alluvial plain (Gunduz et al.
2010). Three samples were selected from the Simav Plain to cover
a wide range of redox conditions and hydrogeochemical patterns.
The physical parameters of these field samples are given in Table 2.
Accordingly, three samples used in this study were collected from
wells drilled to different depths and represented oxidizing, neutral,
and reducing conditions. The field parameters of the samples
(temperature, pH, electrical conductivity, oxidation reduction po-
tential, and dissolved oxygen) were measured in situ with a port-
able multi-parameter probe (Hach-Lange HQ40d).
The major ion compositions of these samples are also given in
Table 2. Major anion and cation analyses were performed with IC
(Dionex ICS-3000). The first sample was from a shallowly dug
well in the unconfined aquifer, which has high ionic strength
and was under the influence of geothermal fluid intrusion, as
was obvious from the comparably high electrical conductivity
value. The second sample was also from the unconfined aquifer,
but has moderate ionic strength. On the other hand, the third sample
was from an artesian well that was drilled to the confined aquifer,
which has moderate ionic strength under reducing conditions.
Sample
Sterile syringe
Sterile syringe filter
(0.45 µm)
Sterile stainless steel needle
Cap
Vacuette® Tube
(under sterile vacuum conditions)
Suction due to
vacuum in tube
* Sample directly start to flow once
the needle is inserted in the tube due to 
the suction effect of vacuum.
Fig. 1. Sample injection into vacuum tubes
Table 2. Physical Parameters and Major Ion Concentrations of Field Samples
Parametera
Unit
Sample 1: Sample 2: Sample 3:
Sample type Shallow well (unconfined aquifer) Deep well (unconfined aquifer) Artesian well (confined aquifer)
Temp °C 15.3 14.8 15.3
pH — 7.05 8.06 7.96
ORP mV 68.3 3.2 −80.8
EC μS cm−1 3050 702 776
DO mgL−1 2.14 2.45 3.94
DO % 23.3 26.8 44.8
F− mgL−1 4.306 0.192 0.083
Cl− mgL−1 72.596 6.170 3.408
NO−2 mgL−1 <0.5 <0.5 <0.5
Br− mgL−1 0.396 0.196 0.176
NO−3 mgL−1 <0.5 <0.5 <0.5
PO−34 mgL−1 <1.0 <1.0 <1.0
SO−24 mgL−1 880.539 53.555 0.060
HCO−3 mgL−1 871.080 414.800 512.400
Liþ mgL−1 1.445 0.001 0.004
Naþ mgL−1 283.069 10.457 51.655
NHþ4 mgL
−1 0.976 1.303 12.905
Kþ mgL−1 37.014 1.140 1.994
Mgþ2 mgL−1 40.080 36.333 21.552
Caþ2 mgL−1 176.336 99.342 84.583
TOC mgL−1 20.900 4.190 9.236
aTemp: temperature; EC: electrical conductivity; DO: dissolved oxygen; TOC: total organic carbon.
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These sampling sites are situated approximately 4 km apart and the
total arsenic concentrations were previously reported to be 77.0,
124.2, and 217.0 μg L−1, respectively (Gunduz et al. 2010). Ac-
cordingly, arsenite spike concentrations were achieved at 115
and 230 μg L−1.
Preparation of Stock Solutions and Preserving Agents
Lab-grade chemicals were used in preparing the chemical solutions
used in this study. All solutions were prepared with deionized (DI)
water (Millipore Milli-Q Gradient Water Purification System),
which was later deoxygenated with nitrogen (N2) gas for
30 min to minimize the risk of As(III) oxidation to As(V) as a result
of oxygen present in the DI water used in solution preparation.
Stock solutions of As(III) were prepared from laboratory reagent
grade (98þ%) sodium arsenite (Fisher Scientific product code:
S/2320/48), packed in powder form. The HCl used as a preserva-
tive agent was prepared from 30% Suprapur HCL (Merck:
1.00318.1000).
Three stock solutions of As(III) were prepared at concentrations
of 1,150, 11.5, and 0.115 mgL−1 by using deoxygenated DI water.
The stock solution used for spikes was also analyzed for arsenic
speciation and the determined concentration was used to determine
recovery values for speciation analysis. A 2% HCl solution was
also prepared as a preserving agent by using deoxygenated DI
water. Once these solutions were prepared, they were stored in
glass bottles that were closed with a silicon stopper and cap.
The small headspace in the bottle was free from air (and oxygen)
because the solution was purged with N2 gas. The extraction of
solutions from these bottles under field conditions was done with
sterile syringes and needles through the silicon stopper without
allowing contact with atmospheric oxygen.
Sample Collection
In field conditions, samples were first added to a 2-L polypropylene
beaker in which field parameters (temperature, pH, electrical con-
ductivity, dissolved oxygen, and oxidation reduction potential)
were measured. Meanwhile, samples were filtered and filled into
different sampling mediums, as shown in Table 3. In all mediums,
the first two trials were reserved for DI water and DI water spiked
with a stock solution containing 115 μg L−1 of As(III) (i.e., Trials
1, 2, 9, 10, 17, 18, 25, and 26). The next six trials in each medium
were made with three samples (two trials for each sample) collected
from the field with and without the addition of stock solutions
(i.e., Trials 3–8, 11–16, 19–24, and 27–32). All field samples were
filtered through 0.45-μm syringe-type filters made from cellulose
acetate before injected or filled into their corresponding sampling
containers. For Trials 1 through 16, no preserving agent was added.
For Trials 17 through 24, the preserving agent K3EDTA was al-
ready sprayed into the tubes, and no external addition was made.
Thus, only for Trials 25 through 32, 2% HCl solution was diluted
according to the sample volume in different mediums (10 mL for
Vacuette tubes and 50 mL for HDPE bottles) to obtain a final con-
centration of 0.2% HCl inside the tube.
All trials with As(III) spikes (i.e., all even-numbered trials) were
first prepared in a separate container. A 100 mL volume of DI water
or filtered field sample was added to this container. One milliliter
was extracted by a sterile syringe, creating a 99 mL solution. To
this amount, 1 mL of 11.5 mgL−1 As(III) stock solution was added
by a sterile syringe, which resulted in a final As(III) concentration
of 115 μg L−1 in the solution. From this solution, 10 mL was in-
jected into the tubes and 50 mL was filled into the HDPE bottles.
For trials with Sample 3, 2 mL was extracted by a sterile syringe,
creating a 98 mL solution, to which 2 mL of 11.5 mgL−1 As(III)
stock solution was added, creating a final As(III) concentration of
230 μg L−1 in the solution (i.e., Trials 8, 16, and 24).
In trials with the HCl additive, a 100 mL volume of DI water or
filtered field sample was added to a separate container. Ten milli-
liters were extracted by a sterile syringe, creating a 90 mL solution.
To this, 10 mL of 2% HCl solution was added to yield 0.2% of HCl
solution. From this mixture, 1 mL was extracted by a sterile
syringe, creating a 99 mL solution. To this amount, 1 mL of
11.5 mgL−1 As(III) stock solution was added by a sterile syringe,
which resulted in a final As(III) concentration of 115μg L−1 in the
solution. Ten milliliters were injected into the tubes and 50 mL was
filled into the HDPE bottles (i.e., Trials 25 through 31). For trials
with Sample 3, 2 mL was extracted by a sterile syringe, creating a
98 mL solution, to which 2 mL of 11.5mgL−1 As(III) stock sol-
ution was added by a sterile syringe, creating a final As(III) con-
centration of 230 μg L−1 in the solution (i.e., Trial 32).
Once a trial was completed, the tube/bottle was placed in a dark,
temperature controlled (4°C) storage container and transferred into
the laboratory. All trials were stored in a refrigerator until analysis.
Analysis
The tubes/bottles from 32 trials were analyzed by IC-ICP-MS for
the speciation of inorganic and organic forms of arsenic. Further-
more, all trials were also analyzed for total arsenic and other dis-
solved metals such as iron and manganese (Mn), which are known
to interfere with arsenic compounds in water.
Cross-Contamination from Media, Preserving Agents,
and Chemicals
To avoid the possibility of cross-contamination from the sampling
medium, the empty bottles and tubes were analyzed for any
residual arsenic originating from the material, and no arsenic
was found. Similarly, the HCl used for preservation was tested
and found to contain no arsenic. Finally, the sodium arsenite used
in spiking As(III) was also tested and verified that it was lab grade.
Results and Discussion
In this study, the success of the preservation of arsenic species was
primarily assessed based on the relative percentage of the field-
spiked As(III) recovered in the laboratory. The differences in stor-
age containers demonstrate the factors that are important in the
preservation, storage, and analysis of arsenic species. In addition
to percent recovery, the difference of the sum of species from total
dissolved arsenic levels are other measures to evaluate the effective-
ness of the methods implemented as a part of this study. Because As
(V) was not spiked into the samples, any As(V) recovered in ad-
dition to the native As(V) concentration in the samples should be
attributed to oxidation of the spiked As(III).
Other Metals
Because the results of arsenic speciation are directly influenced by
other metals such as aluminum, manganese, and iron, the total dis-
solved levels of these elements were also analyzed, as shown in
Table 3. These results demonstrate their corresponding conditions
in DI water and three field samples used in the study. As shown in
Table 3, the total arsenic levels in all trials ranged between 30.62
and 41.97 μg L−1 for Sample 1; between 92.78 and 105.05 μgL−1
for Sample 2; and between 153.45 and 181.17 μg L−1 for
Sample 3. These levels represented low, moderate, and high
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amounts of arsenic in the three samples. Similarly, the total
aluminum (Al) levels ranged between 2.27 and 28.73 μg L−1 for
Sample 1; between 1.05 and 16.40 μg L−1 for Sample 2; and be-
tween 0.99 and 14.57 μg L−1 for Sample 3. The total Fe levels
ranged between 12.36 and 213.24 μg L−1 for Sample 1; between
49.91 and 524.78 μg L−1 for Sample 2; and between 1,624.12 and
2,860.67 μg L−1 for Sample 3. These results revealed that Sample 3
contains high amounts of total iron, which were important for the
presence and relative distribution of arsenic species. Finally, the
total Mn amounts ranged between 1,117.21 and 1,275.19 μgL−1
Fig. 2. Arsenic species in unspiked environmental samples
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for Sample 1; between 1,491.39 and 1,679.59 μg L−1 for Sample 2;
and between 1,404.60 and 1,624.33 μgL−1 for Sample 3.
Unspiked and Spiked Samples
The results of arsenic speciation in the unspiked environmental
samples are provided in Table 3. These samples have an average
sum of species of 39.44, 108.51, and 181.65 μgL−1 arsenic levels,
which correspond well with the total arsenic levels in these samples
(37.17, 100.39, and 172.06 μg L−1, respectively). These values
verify that the IC-ICP-MS method recovered all As species in
the samples. The dominant arsenic species in these samples also
demonstrated differences, as indicated by the oxygen redox poten-
tial (ORP) values given in Table 2. Consequently, Samples 2 and 3
have As(III) dominance, with average levels of 89.09 and 90.61%
in all sample containers, respectively (Fig. 2). On the other hand,
As(V) was dominant in Sample 1 (with an average > 97% in all
sample containers) because this groundwater sample was with-
drawn from an aquifer with a high ORP level (Fig. 2). A compari-
son of the sample containers shows that the HDPE bottle with no
preservative typically demonstrated the lowest values in all sam-
ples, except Sample 2 (Fig. 2).
All environmental samples were spiked with corresponding As
(III) levels (Table 3). The results of arsenic speciation and the cor-
responding recovery values are presented in Table 3. Here, As(III)
and As(V) were the only species found in the samples and no or-
ganic species were detected. The sum of the two inorganic species
is presented as the sum of species in Table 3, which provided com-
parable results for total arsenic measurements with relative percent
differences (RPD) less than 20% for all samples (not shown),
calculated according to
RPD ¼ jSumof species − TotaljðSumof speciesþ TotalÞ
2
× 100 ð1Þ
where Sum of species = sum of As(III) and As(V) detected in the
sample; and Total = total arsenic level measured separately in
the same sample. Another measure for testing the effectiveness
of the preservation method is to evaluate the percent recovery
values for arsenite:
Recoveryð%Þ ¼ Csample − Cblank
Cspike
× 100 ð2Þ
where Csample = concentration of arsenite detected in the spiked
sample (i.e., all even-numbered trials in Table 3); Cblank = concen-
tration of arsenite detected in the unspiked sample (i.e., all
odd-numbered trials in Table 3); and Cspike = corresponding con-
centration of As(III) added to the sample. Following this formula,
higher percent recovery values correspond to better recovery of the
field-spiked arsenic species under laboratory conditions.
According to the results given in Table 3, the percent recoveries
of the field-spiked As(III) under laboratory conditions demon-
strated that the vacuum tubes can stabilize the spiked As(III) in
the samples. The percent recovery of As(III) has shown to vary
between 92.9 and 103.8% for empty Vacuette tubes; between
32.2 and 107.2% for HDPE; between 96.6 and 111.1% for
K3EDTA Vacuette tubes; and between 91.9 and 104.4% for HCl
preserved, empty Vacuette tubes. With the exception of the HDPE
bottles that contained no preserving agent, these results are
extremely promising for arsenic speciation analysis. The common
characteristic of all Vacuette tubes was that they all remained under
vacuum conditions, which was probably the primary reason for pre-
venting the oxidation of As(III) to As(V). Thus, the exposure toTa
b
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oxidizing agents was verified to be one of the most important
parameters that results in deteriorating the integrity of the sample.
The statistical summary of the results is presented in Table 4. As
shown in Fig. 3, Vacuette tubes provided very good recovery rates,
all of which exceeded 97%. The HDPE media, on the other hand,
had an average As(III) recovery rate of 74.9% and was shown to be
the least efficient of all media used in this study. A direct compari-
son between the empty Vacuette tubes and HDPE media showed
that sampling into a container that is originally under vacuum im-
proves the recovery ratios. Thus, if no chemical preservative is
added to a sample, the presence of oxygen may cause As(III) ox-
idation to As(V).
A comparison of all three Vacuette tubes demonstrated very
close recovery rates, which may be considered to be within the ana-
lytical error. However, the K3EDTA Vacuette tube performed
slightly better in absolute terms and was closer to a 100% recovery
value than the empty Vacuette tube and the empty HCl preserved
Vacuette tube. In addition, the As(V) concentrations for the
K3EDTA tubes were lower in the spiked samples than in the other
containers, suggesting that the oxidation was lower in the K3EDTA
tubes. However, this finding may also be related to the analysis
techniques implemented in the laboratory. Hence, regardless of
the preserving agent used, good recovery rates were obtained. Even
in the empty Vacuette tube with no preserving agent, average re-
covery ratios of approximately 97% were achieved, strengthening
the presumption that sample collection into vacuum tubes can
preserve arsenic speciation in samples.
Conclusions
Arsenic speciation analysis is an increasingly popular area of re-
search, primarily because of the differences in the toxicity levels
of the species and their associated health impacts. The determina-
tion of total arsenic levels in water resources is no longer sufficient
to accurately characterize the risk levels associated with human ex-
posure to these waters. Consequently, accurate quantification of ar-
senic species present in samples is becoming a priority in many
water quality monitoring studies. From a geochemical point of
view, preserving the original species distribution in the sample until
analysis is still considered to be a major difficulty because of the
rapid oxidation potential of inorganic species [particularly As(III)]
and the possibility of the integration of organic species into the
biochemical reactions, which may alter the original distribution
of species.
The methods implemented in this study are used to test the
applicability of different sample collection/storage containers on
the accuracy of speciation results under different water quality con-
ditions. The effect of pressure conditions and the preserving agent
in the sampling media were assessed with a laboratory speciation
method. The amount of field-spiked As(III) recovered in the labo-
ratory showed the overall performance of the sampling containers
and the preserving agent. It was found that preserving the sample
under vacuum conditions significantly improved the preservation
of original species distribution in the water matrix, relative to sam-
pling without preservatives. Thus, higher laboratory recovery rates
were achieved with field-spiked samples in vacuum tubes. Obvi-
ously, the amount of time between sampling and analysis is a
key parameter in obtaining the best results, and it is known that
this time period should be kept as minimum as possible. However,
when this condition is not met for some reason, storing the samples
in vacuum conditions under airtight, cool, and dark settings is
shown to be crucial for achieving more accurate results than if
an unpreserved sampling is used. In addition, using a preserving
agent such as EDTA or HCl is a well-known technique to preserve
the sample. In this study, the differences between recovery ratios
for these preserving agents did not provide major differences.
EDTA performed slightly better, which may be attributed to the
analysis technique. Nevertheless, using a commonly accepted pre-
serving agent always has added benefits for samples representing
more extreme conditions.
The current conclusions are based on groundwater samples that
had total As levels in the order of 100–200 μgL−1. Therefore, these
conclusions are relevant for total As concentration ranges used in
this study. In this study, no distinct relationship between concen-
tration (Samples 1, 2, and 3) and sample preservation method
(Sample Codes A, B, C, and D) is apparent for this order of mag-
nitude. For lower or higher As levels, the relationship between re-
covery percentages and sampling preservation methods may be
different. Therefore, it may be worthwhile for future studies to com-
pare field preservation methods for other As concentration levels.
Overall, the use of a special sample collection media that is sim-
ilar, in principle, to blood collection tubes provides promising re-
sults. Sample collection is just as simple as collecting samples into
HDPE bottles; if K3EDTA tubes are to be used, the preservative
reagents are already in the tubes. Because the total amount of liquid
Fig. 3. Average As(III) recovery rates with respect to sampling media
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is limited to 10 mL or less, the use of such tubes has the added
advantage of reduced sample volumes, which is typically a concern
for large scale monitoring programs. Thus, shipping these sample
tubes to the laboratory should be significantly cheaper than ship-
ping HDPE bottles. Based on the findings reported in this study,
these sterile vacuum tubes can better fit the requirements of water
quality sampling than collection and storage without employing
preservation methods. The use of such media is shown to provide
promising results with regard to the speciation of arsenic. In that
regard, the proposed technique should perform satisfactorily when
oxygen is the major cause of the deterioration of sample integrity.
Therefore, this finding may also be extended to preserve the spe-
ciation of other elements such as selenium, chromium, or antimony,
or in measuring parameters such as nitrite or nitrate, which are
subject to deterioration as a result of aerobic biochemical proces-
ses. Nevertheless, this hypothesis needs to be verified by future re-
search under a wide spectrum of sample types and water quality
conditions.
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